This item was submitted to Loughborough's Institutional Repository (https://dspace.lboro.ac.uk/) by the author and is made available under the following Creative Commons Licence conditions.
For the full text of this licence, please go to: http://creativecommons.org/licenses/by-nc-nd/2.5/
Introduction
Flame stability has been the utmost criteria for the modern gas turbine combustion systems in-order to attain lower emissions. Experimentalists in the research of diffusion combustion claim to observe the flame lift-off, re-ignition and extinction phenomena more often. Regulations on emissions from gas turbines also pressurize the research in combustion to develop models which predict close to modern day gas turbine combustors. Pollutants such as NO x and CO form the prime target for all the combustion models. The combustion models that have The joint filtered PDF of mixture fraction and reaction progress variable was first modeled through a presumed PDF approach by Pierce and Moin [5] . A beta function was assumed for the marginal filtered PDF (FPDF) of mixture fraction and a delta function for reaction progress variable. The FPV approach has proved to predict the stabilization characteristics of a confined turbulent non-premixed swirling flame more precisely than SLFM. Using the direct numerical simulation (DNS) technique Ihme et al. [6] made some significant changes to the above methodology by incorporating the beta (β) function for the FPDF of reaction progress variable and also by providing a closure model for the reactive scalar variance term. Modeling of re-ignition phenomena at lower scalar dissipation rates was proved to be inaccurate and therefore lead to the extension of the FPV approach to unsteady flamelet formulation, Pitsch and Ihme [7] . This unsteady flamelet approximation was applied to the confined turbulent non-premixed swirling flames employed previously by Pierce and Moin [8] , embedded with progress variable approach giving a new dimension to the flamelet theory termed as unsteady flamelet progress variable (UFPV) approach. The filtered PDF for the progress variable was assumed to be a delta function. A noticeable progress in the predictions of the distribution of mass fraction of CO was observed. In the present work the UFPV approach is used for the first time to predict the behavior of partially premixed turbulent lifted flames. Ihme et al. [6] proposed the FPDF to be a beta function distribution, but here due to computational cost a delta PDF is used for the progress variable. The beta PDF formulation has been used for the progress variable without the consideration of scalar dissipation fluctuations for lifted flames and found to predict good agreement with the experimental data, Ravikanti [9] .
Large eddy simulation demonstrates accurate and more sophisticated methodology for turbulence calculations compared to Reynolds Averaged Navier Stokes (RANS) based modeling. LES resolves the large scale turbulent motions which contain the majority of turbulent kinetic energy and control the dynamics of turbulence, whereas the small scales or sub-grid scales are modeled. The advantage of resolving the large scale motion is not applicable to chemical source term as the chemical time scales are smaller and therefore combustion needs to be modeled. However, LES seems to have the advantage due to its ability to predict accurately the intense scalar mixing process in any complex flow. UFPV approach with LES takes the advantage of the improved modeling strategy and thus forms the current research issue.
Present study aims at performance calculation of UFPV model on the lifted flames. The lifted flame selected for the present study includes the experiments performed on a vitiated co-flow burner by Cabra et al. [10] . UFPV approach coupled with the in-house LES code developed by Kirkpatrick [11] 
Numerical Modeling
In LES calculations, the large scales are calculated and the small ones are modeled. The box or top hat filter is used in the present code for solving the governing equations of the turbulent reacting flow by considering the equations of mass, momentum, mixture fraction and progress variable. Smagorinsky eddy viscosity model is used for modeling small sub-grid scales which are a prime source in combustion modeling. The dynamic procedure of Piomelli and Liu [12] is used to calculate eddy viscosity constant dynamically.
Unsteady Flamelet Progress Variable Approach
In the SLFM approach a turbulent diffusion flame is assumed to be an ensemble 
The filtered quantities of any scalar is performed by the joint PDF of the above three parameters and is given as
The presumed PDF of the three parameters is assumed to be independent of each other and therefore can be written as
The marginal Favre filtered PDF of the mixture fraction is assumed to be a beta function that includes mean mixture fraction and its variance. The variations in flamelet parameter () and scalar dissipation () are considered as Favre filtered delta PDF functions in order to reduce the dimensionality of the pre-PDF lookup tables and thereby to reduce the computational cost. Therefore both the above parameters are described by delta function PDF, Pitsch and Ihme [7] . The joint PDF can therefore be written as
But as discussed earlier, the present simulation eliminates the variations in scalar dissipation rate by considering only the flamelet parameter which defines the flamelet solution independent of the mixture fraction. Therefore the joint PDF can be reduced as
The value of χ st is considered as a constant value equal to 0.1s -1 . Therefore any filtered scalar can now be defined as A pre-integrated PDF lookup table is thus generated from the above equation in the flamelet parameter space where the filtered scalar can be represented as
This table is further converted to progress variable space and given as the input for the LES when the first two moments of the mixture fraction i.e., mean mixture fraction and its variance and the value of flamelet parameter are known. The filtered mixture fraction is calculated from its transport equation as
The sub-grid scale variance of the mixture fraction is modeled from the scale similarity hypothesis of Cook and Riley [15] and is given by
The hat symbol used on the R.H.S of the above equation is the test filter operator used in the dynamic procedure of Germano et al. [16] . The value of constant C z is 1. The flamelet parameter varies from 0 to 1 from pure mixing to equilibrium limits. The flamelet parameter or  space is converted to progress variable or C space thereby eliminating the flamelet parameter  and hence the re-interpolated table which is a set of independent parameters is used for the simulation. 
Model Validation
The UFPV approach is used in the present study for the first time to predict the flame lift-off behavior rather than to predict the emissions. Considering the flame extinction and re-ignition effects, the details of the validation work is presented below.
Experimental Details
The experimental study used in the validation procedure of the simulation is the 
Computational Details
The in-house LES code called PUFFIN originally developed by Kirkpatrick [11] as discussed earlier is used in the simulation involving the finite volume scheme. 
Results and Discussion
The 
Flame Structure
The flame surface lifting location is described by the temperature contour plot. 
Radial Mean Temperature Plots
A total time of 20ms is considered for the statistics collection and data averging is 
Radial Mean Mixture Fraction Plots
The radial mean mixture fraction plots are compared with experiments as shown 
Instantaneous Temperature Comparison
The flame extinction and re-ignition phenomena is expected to be captured with the UFPV approach. The visualization of the flame structure at various times is done with the instantaneous temperature snapshots to study the flame extinction (Fig.8b) . The dotted line represents the stoichiometric mixture fraction location.
The above data comparison shows both advantages and drawbacks of the present UFPV model under study. At the location Z/D=50 (Fig. 8f) , UFPV model is able to capture the mixing line, which is an indication of some locations at this axial plane where the fuel and oxidiser are still in the unburnt state. From Fig. 5 it can be observed that at the axial location Z/D=50, the flame structure has most of the region covered with mixing limit temperature profiles of 1355K. At the centreline, the flame has the temperature rise which can be supported from Fig. 8e where the scaterred data lies with an increased temperature values near to 1800K. But the drawback at this location from UFPV model should also be emphasized. The equilibrium limit is not predicted well when compared with both FPV model and experiments, considering the maximum temperature limits as shown in Fig. 8b and 8d. At the location Z/D=70, both the combustion models and the experimental data resemble a good match. The fuel and oxidizer are no more in the pure mixing state and therefore the temperature rise occurs and the maximum temperature can be seen to occur at stoichiometric mixture fraction. FPV- model has the mixture fraction limits extended to a maximum of 0.4 (Fig. 8c ) whereas the experimental data shows a maximum near to 0.3 mixture fraction (Fig. 8a) . UFPV model is able to predict close to experimental values but the maximum temperature is slightly under-predicted. This under-prediction in temperature is caused due to higher lift off height predicted by the UFPV approach.
Conclusions
Inclusion of unsteady flamelets to the PDF solution space allowed capturing the dissipation to a much better extent. UFPV model with the delta PDF for progress variable is found to be more accurate than the steady solution of laminar flamelets. The flame lift-off is improved with an over prediction which is due to more dissipation effects of the unsteady behavior of the flamelet solution. The numerical results compared well with the experiments for temperature and mixture fraction. The UFPV model will be extended for the complete solution space considering all the scalar dissipation rates as a future work. This paper clearly gives an indication of the improvisation and advancement in the flamelet modeling with the UFPV approach. The lifted flame behavior which is difficult to predict is numerically reproduced with the UFPV approach and therefore can be applied to non-premixed turbulent lifted flames of other categories.
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